Hypocretin/orexin (hcrt) neurons play an important role in hypothalamic arousal and energy homeostasis. ATP may be released by neurons or glia, or by pathological conditions. Here we studied the effect of extracellular ATP on hypocretin cells using whole-cell patch-clamp recording in hypothalamic slices of transgenic mice expressing GFP exclusively in hcrt-producing cells. Local application of ATP induced a dosedependent increase in spike frequency. In the presence of TTX, ATP (100 µM) depolarized the cells by 7.8 ± 1.2 mV. In voltage clamp under blockade of synaptic activity with the GABA-A receptor antagonist bicuculline, and ionotropic glutamate receptor antagonists AP5, and CNQX, ATP (100 µM) evoked an 18 pA inward current.
INTRODUCTION
The lateral hypothalamus harbors a variety of functionally distinct neuron populations. One of these cell groups, the hypocretin/orexin neurons (de Lecea et al. 1998; Sakurai et al. 1998 ) has gained great attention because their loss appears to be the causative factor for narcolepsy, a condition characterized by excessive daytime sleepiness and cataplexy (Thannickal et al. 2000 , Peyron et al. 2000 van den Pol 2000) . Dogs with mutations in their hypocretin receptor-2 gene (Lin et al. 1999 ) as well as hypocretinknockout mice (Chemelli et al. 1999 ) present a narcoleptic phenotype. Hypocretin has also been postulated to play a crucial role in energy homeostasis and feeding behavior (Sakurai et al. 1998; Hara et al. 2001; Yamanaka et al. 2003) . Hypocretin cells project widely throughout the brain and the spinal cord (Chen et al. 1999; Peyron et al. 1998; van den Pol 1999) .
Extracellular ATP can modulate synaptic transmission and neuronal excitability in the central nervous system (Cunha and Ribeiro 2000; Robertson et al. 2001 ). The effects of ATP can be mediated either through fast-responding ionotropic P2X receptors or through slower metabotropic G-protein-coupled P2Y receptors (Edwards and Gibb 1993; Edwards 1994) . ATP can also directly inhibit NMDA receptor-mediated excitatory currents (Ortinau et al. 2003) or glutamate release (Inoue 1998) in cultured hippocampal neurons. In contrast, the ATP actions in locus coeruleus, cerebellar Purkinje cells, and somatosensory cortex appear excitatory (Nieber et al. 1997; Brockhaus et al. 2004; Pankratov et al. 2003) . Additionally, ATP can act intracellularly to modulate or activate a number of ion channels, for instance the ATP-activated K hypothalamus, cerebral cortex, medial habenula, locus coeruleus, and the dorsal horn of spinal cord (Pankratov et al. 1998; Sorimachi et al. 2001; Jo and Role 2002; Edwards et al. 1997; Bardoni et al. 1997; Jo and Schlichter 1999) , suggesting a role for external ATP in modulating synaptic transmission in these brain regions. ATP can be released from axon terminals, and there is evidence for synaptic colocalization and corelease of ATP in cholinergic, glutamatergic, and GABAergic neurons (Silinsky and Redman 1996; Mori et ATP-P2X receptors in hypocretin/orexin neurons 4 al. 2001; Jo and Role 2002) . In addition, ATP is involved in intercellular signaling from glia to other glia and to neurons (Zhang et al. 2003; Bowser and Khakh 2004) . ATP is also released in a number of pathological conditions, including stroke, trauma, and epilepsy (Ciccarelli et al. 2001; James and Butt 2002; Hanson and Ronnback 2003) .
P2X receptors are expressed in the hypothalamus (Xiang et al. 1998) where they may play a role in ATP modulation of electrical activity (Jo and Role 2002; Sorimachi et al. 2001) . We studied the effect of extracellular ATP on a single neuronal phenotype, the hypocretin-producing cells, using transgenic mice expressing green fluorescent protein (GFP) exclusively in hypocretin cells. We found substantial direct excitation of hypocretin cells through activation of ionotropic P2X receptors.
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MATERIALS AND METHODS
Animals. Transgenic mice (kindly provided by Dr. T. Sakurai, University of Tsukuba, Japan) that express enhanced green fluorescence protein (GFP) under control of the hypocretin promoter were used in this study. Selectivity and specificity of reporter gene expression has been previously described (Li et al. 2002 , Yamanaka et al. 2003 . Mice were kept at 12:12 light dark cycle. Experiments in this study were performed in accordance with institutional guidelines of the Yale University Committee on Animal Use.
Hypothalamic slice preparation. 2-3 week old mice were deeply anesthetized with sodium pentobarbital (100mg/kg) and the brain was carefully removed and placed in icecold oxygenated (95% O 2 , 5% CO 2 ) high-sucrose solution containing (in mM): sucrose, 220; KCl, 2.5; MgCl 2 , 6; CaCl 2 , 1; NaH 2 PO 4 , 1.25; NaHCO 3 , 26; glucose, 10; pH 7.4 with NaOH. A tissue block containing the hypothalamus was excised and transferred to a vibratome. Slices 250 µm thick (350 µm for evoked potentials) were carefully moved to an equilibration chamber filled with oxygenated (95% O 2 , 5% CO 2 ) normal ACSF containing (in mM): NaCl, 124; KCl, 3; MgCl 2 , 2; CaCl 2 , 2; NaH 2 PO 4 , 1.23; NaHCO 3 , 26; glucose, 10; pH 7.4 with NaOH. After a 1-2 hrs resting period slices were transferred to a recording chamber of an upright Olympus BX51 WI microscope with infrared differential interference contrast condenser (IR-DIC) and fluorescence capabilities.
Patch-clamp recordings. Voltage-and current-clamp experiments were performed in the whole-cell configuration using low-resistance (4-6M ) borosilicate glass pipettes (World Precision Instruments, Sarasota, FL). Pipettes were pulled with a PP-83 vertical puller (Narishige, Tokyo, Japan) and filled with a pipette solution containing (in mM): 130 KMeSO 4 (KCl for IPSC and mIPSC experiments), 1 MgCl 2 , 10 HEPES, 1.1 EGTA, 2 Mg-ATP, 0.5 Na 2 -GTP, and 10 Na 2 -phosphocreatin, pH 7.3 with KOH. Hypocretin cells were identified through fluorescence activation and approached under visual control.
Whole-cell configuration was established after stable G -seal formation using gentle negative pressure. All recordings were made with an EPC9 amplifier controlled by Pulse acquisition software (HEKA Elektronik, Lambrecht/Pfalz, Germany). Capacitance artifacts were automatically compensated by the acquisition software. Input resistance was monitored continuously to assess stable recording conditions. If not otherwise ATP-P2X receptors in hypocretin/orexin neurons 6 mentioned cells were held at -60 mV in voltage clamp experiments and current-clamp experiments were done with zero current injection through the recording pipette (at resting potential). To study evoked excitatory potentials, bipolar stimulation electrodes (World Precision Instruments) were placed within the lateral hypothalamus medial or lateral to the recorded cell. Stimulatory pulse characteristics (10 -150 KA, 0.5 ms, 0.2 Hz) were controlled by an Isostim stimulator (A320, World Precision Instruments). All experiments were performed at 32°C controlled by a dual sensor flowheater (Warner Instruments).
Analysis and statistics. PulseFit (HEKA Electronik), Axograph (Axon Instruments, Foster City, CA), Igor Pro (WaveMetrics, Lake Oswego, OR), and Kaleidagraph (Synergy, Reading, PA) software were used for analysis. Adobe Photoshop software was used for figure layout. For studying miniature and spontaneous synaptic currents, an event-defining algorithm was used in Axograph (Axon Instruments) and the amplitude threshold set to > 5 pA (Bekkers and Stevens 1995; Gao and van den Pol 1999) . Data are expressed as mean ± SE. For statistical evaluation, ANOVA was used either in one-way mode or in conjunction with a Bonferroni post hoc test for multiple comparisons, when indicated. The cumulative distributions of mPSCs under different conditions were compared using the nonparametric Kolmogorov-Smirnov test. For all tests, p < 0.05 was considered statistically significant. Higher grades of significances (p < 0.01; p < 0.001) are indicated where applicable.
Preparation and application of reagents. Most drugs were prepared as a 1000x stock solution. In most cases, drugs were locally applied by using a flow pipette with a 250 µm tip diameter aimed at the recorded cell. During control recordings, normal ACSF was applied through the flow pipette. DL-2-amino-5-phosphonopentanoic acid (AP-5), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), bicucullin methiodide (BIC), Adenosine 5'-triphosphate disodium salt (ATP), Adenosine 5'[ -thio]triphosphate tetralithium salt (ATP--S), 8-(3-benzamido-4-methylbenzamido)-naphthalene-1,3,5-trisulfonic acid (suramin), and pyridoxal phosphate-6-azo(benzene-2,4-disulfonic acid) tetrasodium salt (PPADS) were purchased from Sigma (St. Louis, MO), tetrodotoxin (TTX) was obtained from Alomone Labs (Jerusalem, Israel). Stock solutions for ATP, ATP--S, suramin, and PPADS were prepared prior to each experiment. ATP-P2X receptors in hypocretin/orexin neurons 7
RESULTS

ATP excites hypocretin cells.
To address the effect of extracellular ATP on hypocretin cells, we used acute hypothalamic slices of transgenic mice expressing GFP exclusively in hypocretinproducing cells. Local application of ATP (100 KM) consistently induced a rapid increase in spike frequency by 50.2 ± 8.2 % of control (Fig. 1A) (range, 8 -113 %; p < 0.05; n = 14; ANOVA). This activation significantly decreased within 30 sec. after onset of ATP application, even in the continued presence of ATP, as illustrated in the mean time course of 14 experiments (Fig. 1B) . Dose response analysis revealed significant excitatory effects for 3, 10, and 100 KM respectively (p < 0.05; n 4; ANOVA). Doses of 0.3 KM (p = 0.42) and 1.0 KM (p = 0.12) did not evoke a statistically significant increase in spike frequency (Fig. 1C) . To determine whether this excitatory action was due to direct postsynaptic mechanisms, we bath-applied TTX (0.5 KM) to block spike-mediated transmitter release. Under these conditions, current-clamp recordings revealed a rapid ATP-induced depolarization of the cell membrane (Fig. 1D ), indicating that ATP exerts direct postsynaptic effects on hypocretin neurons, with most cells presenting signs of a decay of the ATP effect after 30 sec of ATP application. The average peak value for this depolarization in TTX was 7.77 ± 1.23 mV (range, 2.8 -13.1; p < 0.001; n = 7; ANOVA). In addition, we evaluated the ATP actions on hypocretin cells in voltageclamp (-60 mV holding potential). In normal ACSF bath solution ATP (100 µM) induced an inward current of 15.2 ± 1.7 pA (range, 10.8 -27.8; p < 0.01; n = 10; ANOVA). To determine whether this ATP-induced inward current results from direct postsynaptic mechanisms, TTX (0.5 KM), AP5 (50 KM), CNQX (10 KM), and BIC (30 KM) were bath-applied to prevent glutamate-or GABA-mediated synaptic transmission. These experiments revealed an inward current of 17.9 ± 4.1 pA (range, 3.6 -34.0; p < 0.01; n = 7; ANOVA) elicited by ATP (100 KM) (Fig. 1E) , further substantiating the direct nature of the ATP action on hypocretin cells.
The effect of ATP on the whole-cell input resistance in hypocretin neurons was examined. In these experiments a series of short (300 ms) negative current steps from 0 to ). Here, we tested whether the direct excitatory effects of ATP on hypocretin cells were mediated by activation of P2X receptors. In the presence of the P2X receptor antagonist suramin (100 KM), the ATP-induced increase in spike frequency was substantially reduced (Fig. 2A) . In these experiments ATP responses were measured in the same cell before and during suramin application. On four cells tested, ATP (100 KM) induced an increase in spike frequency by 45.0 ± 7.9 % (p < 0.001) in control conditions and by 15.9 ± 5.2 % in the presence of suramin (100 KM). This marks a net suppressive effect of suramin of 59.9 ± 13.9 %, a statistically significant inhibition ( Alhough suramin is widely used to study purinergic transmission, some reports have suggested that suramin might also exert an inhibitory effect on glutamatergic transmission (Gu et al. 1998) . We therefore tested the P2X receptor antagonist
experiments. In four cells tested, ATP increased spike frequency by 40.2 ± 9.1 % (p < 0.01) under control conditions, and this was reduced to 9.2 ± 3.6 % in the presence of PPADS (50 KM) ( Fig Although suramin and PPADS blocked P2X receptors, they may also inhibit metabotropic P2Y receptors. To rule out that the ATP-induced activation of Hcrt cells is mediated through P2Y receptors, and to examine the subtype composition of the P2X receptors involved, we studied the effect of , -MeATP, a selective P2X1 and P2X3
agonist (Lambrecht, 2000) and the effect of bath acidification, which potentiates currents through P2X2 receptors (Stoop et al., 1997; North, 2002) . The effect of , -MeATP was assessed in both voltage-and current-clamp. In 6 cells tested, , -MeATP (100 µM)
failed to induce a sizeable inward current (1.6 ± 0.6 pA, n = 6) ( Fig. 3A1, A2 ). The same cells responded to ATP (100 µM) with significant inward currents of 9.9 ± 2.1 pA when applied 2-3 minutes before , -MeATP and 13.2 ± 3.9 pA when applied 2 minutes after , -MeATP wash-out (column ATP 1 and ATP 2, respectively in Fig. 3A2 ). The effects of ATP and , -MeATP application on inward currents differed statistically (p < 0.01; n = 6; ANOVA with Bonferroni post hoc test). In current-clamp and holding the cells at resting membrane potential, application of , -MeATP (100 µM) did not significantly change the spike frequency of Hcrt cells (4.2 ± 3.5 %; n = 7) compared to a significant ATP-P2X receptors in hypocretin/orexin neurons 10 increase by 28.7 % ± 5.2 after ATP (100 µM) application (p < 0.01; ANOVA with Bonferroni post hoc test) (Fig. 3A3 ).
We further tested whether the ATP-induced activation of Hcrt cells was pHdependent. In five cells examined, the mean inward current amplitude upon ATP application increased from 12.6 ± 2.5 pA under normal pH (7.4) conditions to 19.2 ± 4.0 pA in acidified ACSF medium (pH 6.8) (Fig. 3B1 ), a significant mean increase by 57.3 ± 14.0 % (p < 0.01; n = 5; ANOVA) ( Fig. 3B2 ; inset illustrates the increase in inward current amplitude for each individual cell). Together these data substantiate the view that external ATP excites Hcrt cells through purinergic P2X receptors and suggest the involvement of P2X2 subunits.
Effect of the non-hydrolysable ATP agonist ATP--S on hypocretin cells.
Extracellular ATP is subject of rapid hydrolysis by surface-located ectonucleotidases (reviewed in Zimmermann 1996); in addition, ATP can have significant effects intracellularly. We examined the effect of ATP--S, a non-hydrolysable ATP analogue, on the activity of hypocretin neurons. Experiments were carried out with local application of ATP--S (100 KM) followed by ATP (100 KM) after a 2 -3 minutes washout interval. In all cells recorded, ATP--S induced a robust excitatory response comparable to ATP application. Under current-clamp, spike frequency increased by 23.8 ± 7.3 % after 100 KM ATP--S application. In the same group of cells, the frequency of action potentials was increased by 25.8 ± 9.2 % by ATP (100 KM), a non-significant difference between ATP and ATP--S (p = 0.87; n = 5; Fig. 4A1, A3 ). Though the peak value for this spike frequency increment was slightly higher after ATP application, the mean increase over the whole 1-minute application period was slightly higher after ATP--S application (12.1 ± 2.6 % vs. 9.7 ± 5.9 % for ATP) (Fig. 4A3) . A comparison of a typical time course is shown in Figure 4A2 . The action of ATP--S was also subject to a considerable rundown, suggesting that ATP hydrolysis does not account for the full attenuation. We further compared the inward current induced by ATP--S and ATP in voltage clamp (Fig. 4B1 ) in normal ACSF solution. Application of ATP--S generated an inward current of 15.1 ± 1.8 pA and ATP generated an 11.3 ± 2.1 pA current (p = 0.2; n = 6; ANOVA; Fig. B2 ).
ATP-P2X receptors in hypocretin/orexin neurons 11
In addition, we tested whether ectonucleotidase activity may inhibit any intrinsic ATP action on hypocretin cells. In seven cells examined, local application of the ectonucleotidase inhibitor ARL 67156 (100 µM) did not change the spontaneous spike frequency (103.9 ± 4.5 %; n = 7; n.s.: ANOVA; data not shown). The same cells responded to subsequent ATP application (100 µM) by a mean increase in spike frequency of 28.5 ± 5.9 %. This suggests that under these experimental conditions the intrinsic tone of ATP-mediated purinergic transmission on Hcrt cells is low.
Synaptic input and membrane activity in hypocretin cells.
GABA appears to be the primary inhibitory transmitter of the hypothalamus (Decavel and van den Pol 1992). To study the effect of ATP application on GABAmediated synaptic transmission, we used a KCl pipette solution and bath-applied AP5 (50 KM) and CNQX (10 KM) to block the excitatory ionotropic glutamate receptor-dependent synaptic activity. Under these conditions, voltage-clamp experiments at -60 mV holding potential revealed well-defined brief inward currents characteristic of IPSCs. Application of BIC (30 KM) completely abolished these IPSCs confirming that they were attributable to GABA-A receptor subtype activation (n = 5; data not shown). To determine whether ATP modulates GABAergic transmission in hypocretin cells, we analyzed the frequency of IPSC events before, during, and after ATP application. Representative traces of a typical experiment are shown in Figure 5A1 . ATP (100 KM) did not change the frequency of IPSCs in hypocretin cells (97.8 ± 9.6 % of control; 107.1 ± 13.5 % recovery; p = 0.78; n = 9; ANOVA with Bonferroni post hoc test) (Fig. 5A3) . Figure 5A2 illustrates the mean time course of this IPSC frequency analysis. We further studied miniature IPSCs in the presence of TTX (0.5 KM) in the external solution. Representative traces are shown in Figure 5B1 . ATP did not significantly reduce the mIPSC frequency (88.1 ± 8.6 % of control; 98.4 ± 21.2 % recovery; p = 0.79; n = 6; ANOVA) (Fig. 5B2 ).
In addition, the mIPSC amplitude pattern before, during, and after ATP application was compared. The mean amplitude of all events was 37.3 ± 6.4 pA, 40.3 ± 6.1 pA, and 44.5 ± 8.2 pA for control, ATP, and washout, respectively (p = 0.77; n.s.; n = 5; ANOVA).
The cumulative distribution of the mIPSC amplitude revealed also no significant effect of ATP application (p > 0.05; n=5; Kolmorogov-Smirnov). Figure 5B3 illustrates a typical result of such a comparison.
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The decay kinetics of mIPSCs was compared before, during and after ATP application. Detected mIPSCs were averaged and subject to an exponential curve fitting, which revealed the time constant for the event decay. Figure 5C1 illustrates a typical example of such a comparison with the averaged trace in black, superimposed on the detected raw events in grey. In 5 cells tested, we found no change of the decay kinetics of mIPSCs with ATP (100 µM) application (decay time constant = 15.1 ± 1.2 ms, 14.9 ± 1.0 ms, and 14.5 ± 1.1 ms for control, ATP, and wash-out, respectively; not significant, p = 0.923; n = 5; ANOVA) (Fig. 5C2) . In addition to the analysis of spontaneous inhibitory When ATP was applied to hypocretin cells, an increase in membrane electrical activity was found. To test whether this was due to a direct effect on the membrane, or to excitatory synaptic input, we used KMeSO 4 pipette solution and bath-applied BIC (30 KM) to block GABA-mediated inhibitory events. Under these conditions excitatory postsynaptic currents (EPSCs) were detected as fast inward currents at -60 mV holding potentials (Fig. 6A) . ATP (100 KM) caused a substantial increase in whole-cell channel activity, (Fig. 6A) , and this remained when TTX was added (Fig. 6B) , indicating a spikeindependent nature of this ATP effect. To further determine whether this ATP effect of increased whole-cell channel activity involved modulation of synaptic currents, we first blocked both GABA and glutamate mediated synaptic activity with BIC (30 KM), AP-5
(50 KM), and CNQX (10 KM). In the presence of these antagonists and TTX (0.5 KM), hypocretin cells did not show any synaptic activity. Application of ATP still resulted in a ATP-P2X receptors in hypocretin/orexin neurons 13 similar increase in background activity as seen above, indicating that this ATP effect is independent of activation of ionotropic GABA and glutamate receptors (Fig. 6C) . Finally, inhibiting synaptic transmitter release by introduction of a nominally Ca
2+
-free extracellular solution did also not abolish the ATP-induced increase in background channel activity (Fig. 6D) , supporting the view that a direct activation of purinergic P2X
receptors located postsynaptically at hypocretin cells causes this increase in membrane activity. As the large increase in membrane electrical activity obscured the response to ATP of EPSCs, these were not further analyzed.
We found no indication that exogenously applied ATP alters the inhibitory synaptic tone at hypocretin cells. These data further substantiate the view that the excitatory actions of ATP on these cells are based on direct activation of P2X receptors at these cells. Cs-based pipette solution and 0.5 µM TTX in the bath were used in these experiments to prevent the activation of potassium and sodium currents with depolarizing protocols. The reversal potential for the net ATP-mediated current was -27.6 ± 3.5 mV (range: -36.4 to -14.6 mV, n=6). This value was negative to the expected Na 
Is there a purinergic component in evoked excitatory potentials on hypocretin cells?
To evaluate the possibility that purinergic transmission might be involved in Finally, use of a nominally Ca
2+
-free extracellular buffer did not block the current, suggesting that it was not primarily due to a calcium dependent mechanism, for instance a sodium/calcium exchanger (Liu et al. 2002) .
The response of hypocretin neurons to ATP was reduced during the course of continuous application (see Figure 1B) . One mechanism that might account for this effect is the action of ecto-nucleotidases, which can rapidly degrade extracellular ATP (Zimmermann 1996) . The non-hydrolysable ATP analogue, ATP--S, induced a depolarization and an inward current that lasted slightly longer than the one evoked by native ATP. However, even in the ongoing presence of ATP--S we found a reduction in the postsynaptic responses, suggesting that receptor desensitization mechanisms also contribute to this effect (Ralevic and Burnstock 1998). Activity of ecto-nucleotidases has also been shown to diminish the action of endogenously released ATP (Westfall et al., 1996) . However, using the ecto-nucleotidase inhibitor ARL 67156 we did not find any effect on the spontaneous spike frequency, suggesting a low intrinsic tone of extracellular ATP on Hcrt cells.
The question of what receptor class and subunit composition may mediate the ATP actions on Hcrt cells was addressed pharmacologically by using a number of purinergic agonists and antagonists. P2X channels form homomultimers or heteromers, and different subtypes can be co-expressed in the same cell. Among the seven P2X subunits P2X 1-7 that have been described, CNS receptors seem to be predominantly In this regard, additional tests were used to study purinergic receptors on hypocretin cells. The non-hydrolysable ATP agonist ATP--S has been shown to be active at homomeric P2X 1-6 and heteromeric P2X 2/3 and P2X 1/5 subunits as well as on P2Y 1 , P2Y 2 , and P2Y 11 . In contrast, , -MeATP is a potent agonist only at P2X 1 and P2X 3 subunits and heteromeric combinations thereof (Lambrecht, 2000) . Since , -MeATP was ineffective on hypocretin cells, those subunits can also be excluded, suggesting an involvement of either P2X 2 or P2Y 1 . Though no specific agonists or antagonists for P2X 2 are available, the potentiation of the ATP current in the presence of an acidic environment seems to be a characteristic feature of those subunits (Stoop et al., 1997; North, 2002) . Our data show clearly an increase in ATP current amplitude when the extracellular medium is acidified to a pH of 6.8, thereby indicating ionotropic P2X 2 receptor involvement and excluding mediation through metabotropic P2Y receptors.
Additional support for the nature of P2X 2 receptor expression can be found in the desensitization kinetics of the ATP effects. Compared to P2X 1 and P2X 3 , which desensitize rapidly (time constant < 100 ms), receptors composed of P2X 2 subunits are considered slow desensitizing with > 10 s (North, 2002) . Also, P2X 1 and P2X 3 subunits require a considerable recovery time after ATP application for a reproducible response (> 15 min), whereas P2X 2 subunits can mediate ATP currents upon repetitive agonist application in the frequency range of seconds, even responding with an increased current amplitude (North, 2002; Khakh et al., 2001) . Figures 1, 2 , and 4 clearly illustrate the slow but consistent desensitization of the ATP response on hypocretin cells. In addition, repetitive ATP application throughout our studies resulted in reproducible current responses as exemplified in Figure 3A2 . Consistent with the idea of P2X 2 receptor involvement, the amplitude of the second ATP application was increased compared to the initial response. Taken together, the data suggest that hypocretin cells express predominantly P2X 2 subunits. However, the expression of other subunits as part of heteromeric P2X channels cannot be ruled out and may account for the incomplete ATP-P2X receptors in hypocretin/orexin neurons 19 inhibition of the ATP action by PPADS and suramin (Jo and Role, 2002) . Our data are consistent with previous reports that at least three different ionotropic purinoceptors are expressed in the hypothalamus, P2X 1 , P2X 2 , and P2X 3 (Gurin et al. 2003; Xiang et al. 1998; Kanjhan et al. 1999) . We previously showed that identified hypothalamic MCH cells are also excited by ATP (van den Pol, 2004) . However, the subunit composition of ATP receptors in those cells was not addressed.
In other parts of the brain ATP has both direct and indirect effects on synaptic activity (Bowser and Khakh 2004) . In contrast to the strong direct excitatory action of ATP on hypocretin cells, analysis of both spontaneous and miniature synaptic activity did not reveal any detectable effect on the synaptic input to hypocretin cells by ATP.
Hypocretin neurons do show an increase in electrical activity upon ATP stimulation, but as this activity was blocked by choline substitution for sodium, but not by GABA and glutamate receptor antagonists, it was most likely due to an increase in somatic ion channel activity independent of synaptic activity.
Source of ATP and functional considerations
As described 
